Abstract Purpose: Recurrent grade III-IV gliomas have a dismal prognosis with minimal improvements in survival seen following currently available salvage therapy. This study was conducted to determine if the combination of a novel antiangiogenic therapy, bevacizumab, and a cytotoxic agent, irinotecan, is safe and effective for patients with recurrent grade III-IV glioma. Experimental Design: We conducted a phase II trial of bevacizumab and irinotecan in adults with recurrent grade III-IV glioma. Patients with evidence of intracranial hemorrhage on initial brain magnetic resonance imaging were excluded. Patients were scheduled to receive bevacizumab and irinotecan i.v. every 2 weeks of a 6-week cycle. Bevacizumab was administered at 10 mg/kg. The dose of irinotecan was determined based on antiepileptic use: patients taking enzyme-inducing antiepileptic drugs received 340 mg/m 2 , whereas patients not taking enzymeinducing antiepileptic drugs received 125 mg/m 2 . Toxicity and response were assessed. Results:Thirty-two patients were assessed (23 with grade IV glioma and 9 with grade III glioma). Radiographic responses were noted in 63% (20 of 32) of patients (14 of 23 grade IV patients and 6 of 9 grade III patients).The median progression-free survival was 23 weeks for all patients (95% confidence interval, 15-30 weeks; 20 weeks for grade IV patients and 30 weeks for grade III patients). The 6-month progression-free survival probability was 38% and the 6-month overall survival probability was 72%. No central nervous system hemorrhages occurred, but three patients developed deep venous thromboses or pulmonary emboli, and one patient had an arterial ischemic stroke. Conclusions: The combination of bevacizumab and irinotecan is an active regimen for recurrent grade III-IV glioma with acceptable toxicity.
The prognosis for patients diagnosed with WHO grade III glioma (anaplastic astrocytoma, anaplastic oligoastrocytoma, and anaplastic oligodendroglioma) and grade IV glioma (glioblastoma multiforme) remains extremely grave. The median survival for patients with newly diagnosed glioblastoma is 8 to 15 months (1, 2) . The prognosis for newly diagnosed grade III glioma is only slightly better, with a median survival of 12 to 24 months (3, 4) . The standard of care for patients with glioblastoma was defined in a recent report of a phase III randomized trial as radiation therapy with concurrent temozolomide followed by 6 months of temozolomide (1) .
The prognosis for recurrent malignant gliomas is even worse, with median survivals of 3 to 9 months (5, 6). Several chemotherapeutic agents or biological agents may palliate patients, but the agents that have been used produce only minimal increases in survival (6) . The putative gold standards, temozolomide and nitrosoureas, produce only modest benefits, even in previously chemotherapy-naive patients, and disease recurs (5, 6) .
The overwhelming need for improved treatment efficacy has driven the development of novel therapeutic approaches to target mechanisms that underlie glioma development and growth.
In grades II-IV gliomas, which are highly vascular, solid cancers, widespread expression of the proangiogenic vascular endothelial growth factor (VEGF) has been observed (7, 8) . There are five members of the VEGF family in mammals: VEGF-A (hereafter called VEGF), VEGF-B, VEGF-C, VEGF-D, and placental growth factor (9) . In addition, multiple isoforms are generated through alternative exon splicing and protease cleavage. VEGF is produced by tumor cells and by stromal elements, including invading inflammatory cells. VEGF binds to its putative receptors, which include three receptor tyrosine kinases, VEGF receptor (VEGFR)-1, VEGFR-2, and VEGFR-3, as well as to coreceptors, including the neuropilins. VEGFRs are expressed primarily by endothelial cells, but other nonneoplastic cells and tumor cells may also express these receptors. VEGF promotes endothelial cell proliferation and migration in support of normal as well as pathologic angiogenesis (10, 11) , and increased VEGF expression in human patient glioma specimens has been associated with a poor prognosis (12) . Preclinical studies have suggested that targeting VEGF function through neutralizing antibodies to VEGF can inhibit the growth of malignant glioma (13) .
Bevacizumab represents the first antiangiogenic therapy that has been approved for use in human cancer patients. Bevacizumab is a humanized monoclonal IgG1 antibody that binds to and inhibits the biological activity of human VEGF-A. Bevacizumab had acceptable toxicity in a phase I study (14) and it showed a significant survival advantage in a phase III trial of patients with metastatic colorectal cancer comparing bevacizumab plus irinotecan/5-fluorouracil/leucovorin versus irinotecan/5-fluorouracil/leucovorin alone (15) . In addition, compared with placebo, bevacizumab prolonged the time-toprogression for patients with metastatic renal cell cancer (16) .
Bevacizumab has generally been used in combination with cytotoxic agents for the treatment of solid malignancies. Irinotecan is a topoisomerase 1 inhibitor that has been used in combination with bevacizumab in prior studies for other solid malignancies and has also been used for patients with malignant glioma. Irinotecan has activity against gastrointestinal malignancies, particularly colorectal carcinoma (17) , and it readily passes through the blood-brain barrier. Weekly administration or every 3-week administration has shown activity against malignant gliomas, with response rates between 0% and 15% (18 -22) . On the weekly schedule, irinotecan is administered for 4 weeks followed by 2 weeks off. In a phase II trial of glioblastoma multiforme patients with a fixed dose of irinotecan of 125 mg/m 2 , 15% of the patients had a confirmed partial response (18) . The trial included pharmacokinetic evaluations, which documented low concentrations of irinotecan and the active metabolite SN-38 in patients on enzyme-inducing antiepileptic drugs (EIAED) and corticosteroids, likely secondary to increased clearance due to these agents. In another phase II study, a fixed dose of 300 mg/m 2 was administered every 3 weeks, and there was a similar, confirmed partial response rate of 14% (19) . Other glioma trials have produced response rates <10% (20 -22) .
A preliminary report of the combination of bevacizumab and irinotecan as therapy for 21 patients with malignant gliomas described an encouraging response rate of 43%, with two treatment-related deaths, one due to intracranial hemorrhage and one due to intestinal perforation (23) . Here, we report the first prospectively designed phase II trial of bevacizumab and irinotecan for malignant gliomas.
Patients and Methods
Patient selection. Adult patients (age z18 years) with histologically proven grade III-IV glioma that was progressive or recurrent after radiation therapy were eligible for the study. Conditions required for entry into the study included the following: (a) measurable disease by contrast-enhanced magnetic resonance imaging (MRI) or computed tomography; (b) Karnofsky performance status z60%; and (c) life expectancy >2 months. Minimum permitted time intervals from prior treatments were 6 weeks for intracranial surgery, 6 weeks for chloroethylnitrosoureas, and 4 weeks for radiation and all other chemotherapeutic agents unless there was unequivocal evidence of tumor progression after radiotherapy or chemotherapy. Full recovery from the effects of any earlier intervention was required. Eligibility also required showing acceptable hematologic variables (absolute neutrophil count z1,500/AL; platelet count z125,000/AL; hematocrit >29%), renal function (serum creatinine V1.5 mg/dL), and hepatic function (bilirubin V1.5 mg/dL; serum levels of aspartate aminotransferase <1.5 Â the upper limit of normal). Exclusion criteria included the following: (a) a prior malignancy other than curatively treated basal cell carcinoma or cervical carcinoma in situ; (b) previous treatment with bevacizumab; (c) a serious concurrent infection, illness, or medical condition; (d) females who were pregnant or nursing; and (e) any other condition that would compromise treatment with reasonable safety. Agreement to practice adequate birth control methods was required for fertile patients. The protocol for this clinical study was reviewed and approved by the National Cancer Institute (Bethesda, MD) and the Duke University Institutional Review Board. Each patient signed a written informed consent document, satisfying all federal and institutional policies and regulations, as a condition of registering for participation in the study.
Drug administration. Patients were assigned to one of two treatment groups based on preexisting use of antiepileptic drugs. Patients taking phenytoin, carbamazepine, phenobarbital, primidone, and oxcarbazepine were assigned to the EIAED group. Patients assigned to the non-EIAED group were either not being treated with an antiepileptic drug or taking one that does not significantly induce hepatic enzymes, including gabapentin, lamotrigine, valproic acid, felbamate, levetiracetam, tiagabine, topiramate, and zonisamide. Inclusion in the non-EIAED group also required discontinuation of any EIAEDs for at least 14 days. A clinically appropriate daily dose of a corticosteroid, such as dexamethasone, was determined for each patient before beginning the first cycle of therapy. The dose was required to have been stable for at least 7 days before treatment initiation, and efforts were made to maintain the same dose until the radiographic tumor measurement was done after completing the second cycle.
Bevacizumab was supplied by Genentech (South San Francisco, CA) and irinotecan was obtained commercially. Each agent was administered i.v., once every 2 weeks: days 1, 15, and 29 of a 6-week cycle. Irinotecan was administered over 90 min before the bevacizumab infusion. Irinotecan is highly metabolized by the hepatic CYP3A4 enzymes, which are induced in response to EIAEDs that include phenytoin, carbamazepine, oxcarbazepine, primidone, and phenobarbital (24) . We based dosage on prior pharmacokinetic studies in clinical trials, including brain tumor patients taking EIAEDs, and we determined that irinotecan was to be dosed at 340 mg/m 2 for patients taking an EIAED and 125 mg/m 2 for patients not taking antiepileptic drugs or taking non-EIAEDs (levetiracetam, lamotrigine, topiramate, and valproic acid). Bevacizumab was to be dosed at 10 mg/kg, with the first dose administered over 90 min. If the patient had no adverse reactions, the second dose was to be administered over 60 min, and all subsequent doses were to be administered over 30 min. The patients were required to have an absolute neutrophil count >1,000, platelets >100,000, aspartate aminotransferase <2.5 Â normal, creatinine <1.5 Â normal, and spot urine protein/creatinine ratio <1.0 before retreatment. Appropriate antiemetics were permitted. Treatment with any other approved or investigational chemotherapeutic agents was not permitted.
Treatment with the same doses of bevacizumab and irinotecan was repeated every 2 weeks until the occurrence of grade 3 or 4 toxicity or tumor progression. Patients were allowed a one-time 25% dose reduction of irinotecan for grade 3 or 4 gastrointestinal toxicity or grade 4 hematologic toxicity, but no patients required a dose reduction. Patients were also removed from the study because of disease progression, circumstances for which continued treatment could be detrimental to the health of a patient, patient withdrawal of consent, or noncompliance.
Patient evaluations. Evaluations done within 14 days of initiating therapy included a medical history, physical and neurologic examinations, vital signs, performance status determination, complete blood count with differential and platelet counts, blood coagulation variables, serum chemistry profile, urine protein/creatinine ratio, and pregnancy test for women of child-bearing potential. A contrast and a noncontrast brain MRI were done within 7 days of starting treatment and every 6 weeks after starting treatment. The bevacizumab and irinotecan were given on days 1, 15, and 29, and the MRI was done on day 39, 40, 41, or 42 of each cycle. A complete blood count with differentials and platelet count, chemistry panel, and urine protein/creatinine ratio was repeated every 2 weeks. Histories and physical examinations were repeated every 6 weeks. Toxicities were evaluated during each cycle and graded according to the National Cancer Institute Common Toxicity Criteria, version 3.0.
Response evaluation and criteria. Response to therapy was determined by MRI and neurologic examinations. Two investigators (J.J.V. and A.D.) measured the tumors independently and noted any discrepancies. MRIs were evaluated according to the MacDonald criteria (25) . The criteria use the largest cross-sectional area of the postcontrast images and take into account steroid use and clinical findings. In addition, the investigators evaluated the T1, T2, and fluid-attenuated inversion recovery images. For a patient to be scored as showing a partial response, the contrasted images showed a >50% decrease in the area of enhancement and stable or decreased disease on T2 and fluid-attenuated inversion recovery images, and the patient was on stable or decreased steroid dose and was determined to have a stable or improved clinical status. Disease progression was defined as a >25% increase in the area of enhancement, defined as the product of the largest perpendicular diameters, appearance of a new lesion, or deterioration in the clinical status, likely secondary to tumor progression.
Statistical considerations. The historical control group used in the design of this phase II study assessing the activity of a combination of bevacizumab and irinotecan was a group of patients with recurrent glioblastoma multiforme or grade III tumors (AA) described by Wong et al. (6) . That article reports for glioblastoma multiforme a 6-month progression-free survival (PFS) rate of 15%, with 95% confidence interval (95% CI) ranging between 10% and 19%, and for AA a 6-month PFS rate of 31%, with 95% CI of 24% to 39% (6) .
Within the glioblastoma multiforme patient population, a true 6-month PFS rate with bevacizumab and irinotecan of 25% or more would definitely merit further investigation of the combination chemotherapy treatment. However, if the true 6-month PFS rate was no greater than 2.5%, there would be limited interest in pursuing the development of this treatment regimen in this patient population. With a sample size of 23 patients, the study was able to differentiate between a 2.5% and a 25% rate of 6-month PFS, with type I and II error rates of 0.019 and 0.059, respectively. Thus, if 3 or more of the 32 patients lived 6 or more months without disease progression, we determined that the treatment regimen would be considered worthy of further investigation for patients with glioblastoma multiforme.
Within the AA patient population, a true 6-month PFS rate with bevacizumab and irinotecan of 50% or more would definitely merit further investigation of the combination chemotherapy treatment. However, if the true 6-month PFS rate was 10% or less, there would be limited interest in pursuing the development of this treatment regimen in this patient population. With a sample size of nine patients, the study was able to differentiate between a 10% and a 50% rate of 6-month PFS, with type I and II error rates of 0.053 and 0.090, respectively. Thus, if three or more of the nine patients lived 6 or more months without disease progression, we determined that the treatment regimen would be considered worthy of further investigation for patients with AA.
Patients with recurrent grade III or IV tumors were eligible according to the Food and Drug Administration review of this investigatorinitiated study. Patients removed from study because of toxicity were followed for progression or death and were included in the PFS and overall survival analyses. The patients were offered alternative therapies, and the date of progression following removal from the study was used as the date of progression for the study.
In addition, there were early stopping rules for unacceptable toxicity, defined as the occurrence of zgrade 2 central nervous system hemorrhage or grade 4 or 5 nonhematologic toxicity, probably due to the treatment. Unacceptable toxicity rates of 15% or less were considered desirable, whereas rates of 40% or greater were considered undesirable.
The statistical hypothesis that was tested differentiated between a 15% and a 40% rate of unacceptable toxicity. After 16 patients with recurrent malignant glioma were treated, an interim analysis was conducted. If three or more patients experienced unacceptable toxicity, accrual of patients would be terminated. Otherwise, patient accrual was to continue. If 4 or more of the total 32 patients experienced unacceptable toxicity, the treatment regimen would be considered to have an unacceptable toxicity profile. The type I and type II error rates associated with this testing are 0.053 and 0.053, respectively.
Results
Patients. Characteristics of the 32 patients enrolled in the study are summarized in Table 1 . There were 21 males and 12 females, and the median age was 49 years. Twenty-three patients had WHO grade IV glioma, and nine had WHO grade III glioma. Every patient had undergone prior surgical resection and external beam radiation therapy with concurrent temozolomide. Of note, many patients had poor prognostic factors, such as age >50 years (n = 14) and more than one progression (n = 17). Four of the patients had progressed <12 weeks after radiation therapy, and all four had progression outside the radiation field; thus, no patient had pseudoprogression. Two of the four had grade III tumors, and the other two had grade IV tumors. The response rate and PFS of the study are changed only slightly if these four patients are excluded [response rate of 61% (17 of 28) and 6-month PFS of 36%]. EIAEDs were used by 44% of the 32 patients. There were no differences in the Toxicity. Importantly, there were no central nervous system hemorrhages. For safety purposes, we excluded the f30% of the malignant glioma patients who have required therapeutic anticoagulation. The patients had a MRI every 6 weeks, and the noncontrast T1 and T2 images showed that no patient had evidence of hemorrhage throughout the study. We observed two treatment-associated deaths, one from a pulmonary embolus and the other from an arterial ischemic stroke. Four patients developed thromboembolic complications, two with pulmonary emboli, one with a deep venous thrombus, and one with an arterial ischemic stroke. One patient with a pulmonary embolus died 2 weeks after the event with rapid neurologic deterioration, and the patient with an arterial ischemic stroke died 3 weeks after the stroke. Both patients elected hospice care after the events. The four patients with thromboembolic complications were taken off study. Given the potential risks of administering anticoagulant therapy to the patients and continuing irinotecan and bevacizumab, the investigators decided that it was prudent to discontinue protocol therapy. Two patients developed grade 2 proteinuria, for which the protocol mandated cessation of irinotecan and bevacizumab. Both patients were asymptomatic, and the proteinuria resolved within 4 weeks of stopping bevacizumab and irinotecan. Three patients required surgery for unrelated reasons, appendectomy, stabilization of a fractured hip, and repair of anal fissures, and they were taken off study. One patient was removed from study after he developed an anaphylactic reaction to irinotecan during his fourth cycle. Two other patients withdrew from the trial after one cycle, and both patients cited extreme fatigue as the reason. No patient developed grade 4 hematologic toxicity or >grade 3 nonhematologic toxicity except as noted above. The interim analysis was done for the first 16 patients, and there was one unacceptable toxicity. The patient with the arterial ischemic stroke had a grade IV nonhematologic toxicity that was probably due to the treatment. Toxicity was not different in patients receiving EIAEDs and those not receiving EIAEDs.
Response rate. Twenty of the 32 (63%) patients had a radiographic response. One was a complete response, and 19 were partial responses, as determined by at least a 50% decrease in the cross-sectional area of the enhancing tumor, with no clinical deterioration or increase in the corticosteroid dose. All the responses were associated with decreased T2-weighted and fluidattenuated inversion recovery abnormalities. Figures 1 and 2 show two patients' MRIs that are representative of the marked activity that was seen in this trial. Of the nine patients with grade III gliomas, six had partial responses and three had stable disease. Of the 23 patients with grade IV gliomas, 1 patient had a complete response, 13 patients had partial responses, 8 patients had stable disease, and 1 patient had disease progression as the best response. The patients who responded were able to taper their steroids and improved neurologically. No responder required increased steroids, and none deteriorated neurologically.
PFS. The 6-month PFS was 38% (95% CI, 24-59%) for the entire group of patients. As expected, the 6-month PFS was better in the WHO grade III glioma patients, 56% (95% CI, 31-99%) versus 30% (95% CI, 16-57%) for the WHO grade IV glioma patients. The median PFS was 23 weeks (95% CI, 15-30 weeks), with a range of 6 to 46+ weeks. The median PFS was 20 weeks in grade IV patients and 30 weeks in grade III patients. Figure 3 is the Kaplan-Meier PFS curve. Twelve patients had not progressed when they came off study secondary to toxicity, surgery for an unrelated condition, or patient decision, and all of these patients subsequently progressed rapidly, at a median of 4 weeks, leading us to predict that a much higher PFS would have been seen had less restrictive toxicity criteria mandating cessation of therapy been used. The 12 patients who were removed secondary to toxicity were followed and their date of progression was used in the analysis.
Overall survival. The 6-month overall survival is 72% (95% CI, 58-89%). The median overall survival is 40 weeks in grade IV patients and has not been reached in grade III patients. Sixteen of the 32 patients have died, 14 of tumor progression and 2 of toxicity, and 16 patients remain alive after 48 to 64 weeks from the time of enrollment.
Patient follow-up. Eight of the 32 patients continue on bevacizumab and irinotecan >48 weeks after starting therapy. The reasons that the other 24 patients discontinued the study are listed in Table 2 . Twelve patients had progressive disease, seven came off study because of toxicity, three required surgery for unrelated problems, and two withdrew consent and opted for comfort care.
Discussion
Grade III-IV gliomas are among the greatest challenges facing oncology, with near-universal lethality. The failure of current therapies can be linked to multiple factors: inherent tumor resistance to standard cytotoxic therapies, early invasion of tumor cells into normal brain preventing surgical resection, and limitations of drug delivery due to the blood-brain barrier. Few cytotoxic agents effectively penetrate into the central nervous system, and even fewer agents have activity against gliomas. Alkylating agents, such as the nitrosoureas, 1-(2-chloroethyl)-3-cyclohexyl-L-nitrosourea and 1,3-bis(2-chloroethyl)-1-nitrosourea, carboplatin, procarbazine, and temozolomide, are the most active agents (5, 26, 27) . However, for patients with recurrent disease after external beam radiation therapy, response rates are <20%, and the median PFS is 6 to 12 weeks. Our trial was designed to compare the observed activity of bevacizumab and irinotecan with the results detailed by Wong et al. (6) for a study that represents patients with recurrent glioblastoma multiforme or grade III gliomas who were treated on one of eight different chemotherapy trials. The current results for patients with glioblastoma multiforme show a 6-month PFS and median PFS of 30% and 20 weeks, respectively, compared with the Wong et al. (6) results of 15% and 9 weeks. In patients with grade III gliomas, we observed a 6-month PFS of 56% and median PFS of 30 weeks compared with the Wong et al. (6) results of 31% and 13 weeks, respectively.
Irinotecan has an excellent central nervous system penetration and a unique mechanism of action: inhibition of topoisomerase 1, an enzyme critical to DNA unwinding and cell division. Irinotecan is one of the few agents that have activity against recurrent malignant glioma, but response rates are 0% to 15%, and median PFS is 6 to 12 weeks (18 -22) . The addition of the anti-VEGF monoclonal antibody bevacizumab to the irinotecan therapy resulted in markedly increased activity, improved PFS, and modest toxicity. Four patients developed thromboembolic complications, which is of concern, although not unexpected, as malignant glioma patients have an increased incidence of thromboembolic complications, with up to 30% of patients having a thrombus over the course of their illness (28, 29) .
Our results with bevacizumab and irinotecan seem superior to those reported for other glioma trials of antiangiogenic therapies in terms of response rate. Thalidomide has shown antiangiogenic activity (30) , and a trial of high-dose thalidomide for recurrent high-grade gliomas showed a 6% response rate, a median time-to-progression of 10 weeks, and a median survival of 28 weeks (31) . The addition of carmustine to thalidomide improved the response rate to 24% and the median PFS to 14 weeks (32) . Vatalanib (PTK787/ZK222584) is an oral VEGFR tyrosine kinase inhibitor that has been studied alone and in combination with chemotherapy for (33, 34) . Vatalanib monotherapy produced a 6% response rate and a median time-toprogression of 12 weeks (33) . Vatalanib in combination with temozolomide or lomustine resulted in an 8% response rate and a median time-to-progression of 16 weeks (34) . In addition, cell signal transduction pathways other than VEGF contribute to glioma angiogenesis. For example, glioblastomas display inappropriate activation of the epidermal growth factor receptor pathway through overexpression, amplification, or mutation of the receptor. Inhibitors of epidermal growth factor receptor tyrosine kinase activity have been studied in recurrent glioblastoma. Gefitinib and erlotinib produced response rates of 0% to 14% and a 6-month PFS of 13% to 17% (35, 36) . A phase II trial of enzastaurin, a protein kinase C inhibitor that may primarily inhibit glycogen synthase kinase-3h, produced a response rate of 18%, but PFS was not reported (37) .
Although we have studied bevacizumab only in combination with irinotecan, we expect that bevacizumab will be more effective in combination with other agents than as monotherapy, for reasons that are delineated below. Although the mechanisms underlying the activities of bevacizumab remain unclear, the targeting of VEGF by bevacizumab may affect tumor physiology in multiple ways. Thus, bevacizumab may improve the efficacy of other agents through several effects including (a) direct antiangiogenic effects of bevacizumab and cytotoxics against endothelial cells and other stromal elements, (b) direct effects of bevacizumab on tumor cells that express VEGFRs, (c) augmenting the efficacy of vasculature to improve the delivery of other agents (''forced normalization'') and thus effect a reversal of hypoxia, a condition associated with tumor cell resistance to cytotoxic therapies (38) , and (d) direct effects on stem cell-like glioma cells (39) . Additionally, in the maintenance of angiogenesis suppression, bevacizumab monotherapy will likely face challenges, as it targets only one VEGF family member, which suggests that other family members may compensate or that other angiogenic factors (fibroblast growth factors, plateletderived growth factors, etc.) may compensate for the loss of VEGF-A activities under bevacizumab treatment. We therefore expect that bevacizumab will require an additional agent for sustained activity against grade III-IV glioma.
Because bevacizumab targets VEGF, it may reverse many of the abnormalities of brain tumor vasculature, which include increased vessel density, permeability, and tortuosity, with resultant hypoxia. Bevacizumab treatment results in decreased microvessel density (40) . For example, renal cell carcinoma is another highly vascular tumor with high levels of VEGF. In patients with renal cell carcinoma, bevacizumab alone significantly improved survival when compared with placebo, possibly secondary to the direct antiangiogenic effect of bevacizumab (16) . Our studies used radiographic response as one measure of clinical efficacy. Contrast enhancement on brain MRI is regulated by the vascular permeability of cerebral vasculature. VEGF is also known as vascular permeability factor, and targeting VEGF through bevacizumab administration may decrease enhancement directly. However, the radiographic responses in our study were associated with clinical improvement as reported by patients and showed on neurological examination. The decrease in vascular permeability may have additional benefits in decreased cerebral edema, but the durability of the responses suggests that our results are likely secondary to tumor reduction and not just bevacizumab affecting the blood-brain barrier. The fact that the responding patients had an improved PFS compared with the nonresponding patients further corroborates that the responses were true tumor responses and not just a dexamethasone-like effect. Additionally, 8 of the 32 patients (five patients with recurrent glioblastoma multiforme) completed a full year of therapy, a result inconsistent with only a dexamethasone-like effect on the MRIs.
Through another potential mechanism of action, bevacizumab may act independently against VEGF to enhance the therapeutic effects of irinotecan. Malignant gliomas have some of the highest concentrations of VEGF, and VEGF directly stimulates many intracellular growth-signaling pathways (41) . VEGF-mediated intracellular signaling results in proliferation, migration, cell survival, vascular permeability, and angiogenesis. VEGFR-2 signaling is linked to the integrins (42) . VEGFR-2 and integrins are physically and functionally linked so that they influence communication between cells and the extracellular matrix. Cell-cell adhesion is affected by VEGF via an association with cadherins that enables the regulation of cellular junctions (43) . Bevacizumab may directly inhibit many of the stimulatory effects of VEGF within and between tumor cells.
An additional explanation for the high response rates and suggestion of an improved PFS is increased irinotecan delivery to the tumor secondary to bevacizumab-induced decreased interstitial pressure and vascular normalization as well as improved cytotoxic efficacy of irinotecan from decreased hypoxia. Tumor vasculature is both structurally and functionally abnormal (44) . As brain tumor cells proliferate, the interstitial pressure rises, which leads to an abnormal microenvironment with hypoxia and acidosis (45) . The elevated interstitial pressure interferes with the delivery of cytotoxic agents to the tumor, and hypoxia makes tumor cells resistant to the agent (46) . Bevacizumab abrogates VEGF-induced increased vascular permeability, with a resultant decreased interstitial pressure and improved oxygenation. The normalization of tumor vasculature and increased delivery of cytotoxics to the entire tumor explains the broad synergy of bevacizumab and a variety of chemotherapies. Moreover, recent results by Bao et al. (39) suggest that bevacizumab may have preferential activity against stem cell-like glioma cells derived from human glioblastoma clinical specimens and xenografts. Therefore, irinotecan delivery may have been preferentially enhanced to this cancer cell population.
The combination of bevacizumab and irinotecan resulted in significant antitumor activity against recurrent grade III-IV glioma albeit with significant toxicity. Bevacizumab disrupts critical tumor processes by blocking the multiple abnormalities resulting from VEGF. We are participating in a multiinstitutional, randomized phase II study of bevacizumab, alone and in combination with irinotecan, in an effort to corroborate these results. In future studies, we plan to further elucidate the mechanisms of potential combinatorial benefit with chemotherapy, and we will also study bevacizumab in the setting of newly diagnosed patients, where the largest effect on overall survival would be expected.
